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ABSTRACT
The massive binary system Eta Carinae is characterized by intense colliding winds that form shocks
and emit X-rays. The system is highly eccentric (e ' 0.9), resulting in modulated X-ray emission during
its 5.54 year orbit. The X-ray flux increases in the months prior to periastron passage, exhibiting strong
flares, then rapidly declines to a flat minimum lasting a few weeks, followed by a gradual recovery.
We present Neutron Star Interior Composition Explorer (NICER) telescope spectra obtained before,
during, and after the 2020 X-ray minimum, and perform spectral analysis to establish the temporal
behavior of X-ray flux and X-ray-absorbing column density (NH(t)) for the 2–10 keV and 5–10 keV
energy ranges. The latter range is dominated by the stellar wind collision region and, therefore, these
spectral parameters — in particular, NH(t) — serves as a potentially stringent constraint on the binary
orientation. We compare the observed NH(t) results to the behavior predicted by a simple geometrical
model in an attempt to ascertain which star is closer to us at periastron: the more massive primary
(ω ' 240–270◦), or the secondary (ω ' 90◦). We find that the variations in column density, both far
from periastron and around periastron passage, support the latter configuration (ω ' 90◦). The 2020
X-ray minimum showed the fastest recovery among the last five minima, providing additional evidence
for a recent weakening of the primary star’s wind.
Keywords: binaries: general – stars: variables: general – stars: winds, outflows – stars: massive –
stars: individual (η Car) – X-rays: stars
1. INTRODUCTION
In early 2020 the binary system Eta Carinae (η Car)
underwent another periastron passage in its P = 2023
day orbit. The system includes two very massive stars,
the primary (M1 = 120–170 M) and the hotter sec-
ondary (M2 = 30–80 M) (Hillier et al. 2001; Verner et
al. 2005; Davidson & Humphreys 2012; Kashi & Soker
2010, 2016). The system is a colliding wind binary
(Damineli 1996; Pittard et al. 1998) with large eccen-
tricity e ' 0.9 (Davidson, Ishibashi, & Martin 2017),
resulting in large differences in the wind collision in-
terface between periastron and apastron. The distance
to the system has been determined to be in the range
2.3 kpc (Smith 2006) to 2.6 kpc (Davidson, Helmel, &
Humphreys 2018a). The system is famous for its ener-
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getic eruptions in the nineteenth century; these erup-
tions overpowered the Eddington limit and ejected a
significant portion of the primary’s stellar atmosphere,
forming what we know today as the Homunculus nebula
(Davidson & Humphreys 2012).
The primary wind has a larger momentum than that
of the secondary, with mass loss rate M˙1 ' 3–10 ×
10−4 M yr−1 (Davidson & Humphreys 2012; Clementel
et al. 2014; Kashi 2017, 2019). The weaker secondary
wind carves a conical cavity in the dense primary wind
with direction and shape that changes with the orbit.
This cavity wraps around the primary close to periastron
passage, when the orbital velocity increases and becomes
comparable to the primary wind velocity (Hamaguchi et
al. 2007; Parkin, Pittard, Corcoran, & Hamaguchi 2011;
Kashi & Soker 2009a; Madura et al. 2012).
Being such a unique system at a relatively close dis-
tance, each η Car periastron passage is an event of great
ar
X
iv
:2
01
0.
03
87
7v
1 
 [a
str
o-
ph
.H
E]
  8
 O
ct 
20
20
2 A. Kashi et al.
interest and is monitored from both ground (Duncan &
White 2003; van Genderen & Sterken 2004; Whitelock et
al. 2004; Abraham et al. 2005b; Damineli et al. 2008a,b;
Ferna´ndez-Laju´s et al. 2010; Teodoro et al. 2012, 2016)
and space (Pittard & Corcoran 2002; Martin et al. 2006;
Corcoran 2005; Corcoran et al. 2010, 2017; Hamaguchi
et al. 2007, 2014a,b; Henley et al. 2008; Mehner et al.
2015). Prior to periastron passage, η Car’s spectral
lines, which are key probes of the dynamics of the two
stars and their winds, change their profiles, some dra-
matically. This behaviour of the lines as well as rapid
variations in various bands, from IR to X-ray, around
periastron passages has earned the name ‘the spectro-
scopic event’ (Davidson & Humphreys 2012).
The spectroscopic events observed over multiple pe-
riastrons have varied considerably, with a trend of be-
coming shorter and less intense. This may be due ei-
ther to a change of state in the primary wind (Mehner
et al. 2010; Davidson et al. 2018b; Kashi, Davidson, &
Humphreys 2016), or related to the dissipation of the
surrounding Homunculus Nebula, at least along our line
of sight (Damineli et al. 2019; Mehner et al. 2019).
The spectroscopic events of η Car should yield in-
sight into the binary’s geometry and, more generally,
the physics of stellar wind interactions. However, there
is still disagreement on the orientation. The inclina-
tion of the binary was initially assumed to be the same
as the orientation of the Homunculus nebula, i ' 41◦
(Davidson et al. 2001), but the direction of motion was
ambiguous. Madura et al. (2012) and Teodoro et al.
(2016) deduced the inclination to be i = 130◦–145◦ and
i = 135◦–153◦, respectively, suggesting a direction of
orbital motion opposite to that adopted by Davidson et
al. (2001). The foregoing range in inferred binary in-
clination is narrow enough not to pose any difficulties
for purposes of interpreting observational data; nor is
the direction of binary motion important, for such pur-
poses.
Unlike the inclination, the argument of periapsis ω,
for which different values have been obtained, has sig-
nificant implications for understanding the behavior of
η Car near periastron passages. A value of ω = 90◦ im-
plies that the secondary star (which launches the fast
wind) is closest to us at periastron and furthest at apas-
tron, while a value of ω = 270◦ implies that the primary
star (which launches the slow and dense wind) is closest
to us at periastron and furthest at apastron. A num-
ber of studies use fitting of spectral line profiles to claim
the orientation is ω ≈ 270◦ (e.g. Nielsen et al. 2007;
Henley et al. 2008; Damineli et al. 2008b; Richardson
et al. 2015). Madura et al. (2012) ran SPH simulations
of the colliding winds and, by matching the simulation
results to line spectro-imaging data, determined an ori-
entation within the range ω = 240◦–285◦. Recently,
Grant, Blundell, & Matthews (2020) found a slightly
higher eccentricity e = 0.91, and determined ω = 241◦
by fitting Balmer lines with Gaussian components and
then fitting a Keplerian model.
Fitting an orbital orientation from spectral lines de-
pends on assumptions as to where these lines are emit-
ted or where they are absorbed. Attributing the lines
to different locations can result in the opposite solution
for ω, i.e., ω ≈ 90◦ (Kashi & Soker 2007, 2008a, 2016).
Kashi & Soker (2018) showed that the orientation with
ω = 90◦ can explain the absence of a mass segment in
the torus that was ejected during the GE, as described
by Smith et al. (2018b). Abraham et al. (2005a) and
Falceta-Gonc¸alves et al. (2005) also proposed an orien-
tation with ω ≈ 60–90◦, but their model invokes a shell
ejection event to explain the X-ray behavior of η Car
during the spectroscopic event and is hence quite differ-
ent from the model of Kashi & Soker (2008a) (discussed
below).
X-ray observations of η Car have also been used to
derive the orientation. Okazaki et al. (2008) ran SPH
simulations of the colliding winds and, based on fits to
the X-ray luminosity, claim ω = 243◦. Parkin et al.
(2009) built a model to fit the X-ray light curve and de-
rived ω = 270◦–300◦. However, Kashi & Soker (2009a)
showed that the X-ray light curve is not a strong in-
dicator of the binary orientation. They suggested that
the hydrogen column density to the hot X-ray emitting
gas is a better observable for purposes of differentiating
between the different proposed orientations, because the
hot X-ray emitting gas arises from within the post-shock
secondary wind located between the two stars.
Kashi & Soker (2009a) analyzed the expected X-ray
flux from η Car considering a specific accretion model.
Their model includes the slow-dense primary and fast
secondary winds, an approximation for the colliding
wind interface, and analytic expressions for the thickness
of the regions that include the post-shock primary and
secondary winds. They also included in their model the
rotation angle that the conical shell forms with the line
connecting the two stars as the secondary approaches
periastron passage and the orbital velocity becomes sig-
nificant. They calculated the expected time dependence
of the hydrogen column density NH(t) from different di-
rections, demonstrating that it can serve as an indicator
of the binary orientation. They found that for orienta-
tions in which the primary is closer to the observer at
periastron passage (ω ' 270◦), the primary wind ab-
sorbs so much of the colliding wind X-ray flux that no
X-rays should be detected. They could also explain the
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observed X-ray emission measure with their preferred
orientation of ω = 90◦.
Close to periastron passage the X-ray flux decreases,
which makes observations more challenging. The cen-
tral binary (the shocked secondary wind close to the
apex, located between the two stars) that is responsi-
ble for the hard X-ray emission dims. This dimming
can be explained as due either to lower emission from
the wind-collision region and/or a very large increase in
NH toward the wind-collision region. Hamaguchi et al.
(2007) demonstrate the existence of an emission com-
ponent referred to as a ’central constant emission com-
ponent’ (CCE) which can significantly contribute to the
X-ray spectrum during periastron. This component lies
within ∼1 arcsecond of the central binary and arises
from a larger (but unresolved) region surrounding the
binary system and, due to its larger plasma volume, does
not significantly vary in time. Hamaguchi et al. (2007)
find that this component can be fit with an ∼ 1.1 keV
plasma and an NH ∼ 5× 1022 cm−2. This component is
further discussed in Hamaguchi et al. (2014a,b, 2016).
During periastron, it is unclear to what extent this CCE
component dominates the entire X-ray spectrum. Ham-
aguchi et al. (2014a,b, 2016) analyzed X-ray observa-
tions taken by Chandra, XMM-Newton and NuSTAR
telescopes, and found that the hydrogen column density
to the central binary near periastron may be as large
as NH ≈ 1024 cm−2. The smooth variations of NH as
a function of time before, during and after periastron
could suggest that the central binary is not completely
obscured and as a result, NH measurements could at
least partially probe the central binary system. Such
smooth variations were demonstrated in the 2–10 keV
range with the Rossi X-ray Timing Explorer (RXTE) in
Ishibashi et al. (1999).
In early 2020, the η Car system underwent another
periastron passage. The X-ray light curve was observed
by the Neutron Star Interior Composition Explorer
(NICER) observatory (Corcoran et al. 2020; Espinoza-
Galeas et al. 2020). The X-ray light curve reached a min-
imum on Feb 14, 2020 (Corcoran et al. 2020; Espinoza-
Galeas et al. 2020). The exact date of periastron is un-
certain and may begin about a week or two around that
date; we will hence refer to it as the 2020.1 periastron
passage. The light curve shows similar properties to
that of previous X-ray minima (Corcoran et al. 2017),
but with a somewhat earlier exit from the minimum.
The X-ray flux increases in the months preceding the
periastron passage, with strong flares superimposed on
top of the smooth ∼ 1/r increase. These flares are most
likely associated with clumps in the wind (Moffat & Cor-
coran 2009), and were also observed prior to the 2020
minimum (Corcoran et al. 2019). After showing a few
strong X-ray flares the light curve sharply declines into
a non-zero minimum which lasts for several weeks, then
slowly recovers to a quiescence value. Hamaguchi et al.
(2020) also report bright non-thermal X-ray emission in
observations by the NuSTAR X-ray observatory, taken
during the recovery from the 2020 X-ray minimum.
In this paper, we model X-ray data for the 2020.1 pe-
riastron passage, obtained with the NICER X-ray tele-
scope, with the goal of explaining the variation of the
X-ray luminosity Lx and of the column density NH in
the frame of the accretion model for the spectroscopic
event. According to the accretion model the X-ray min-
imum is not caused by an absorption. Rather, the sec-
ondary star accretes mass from the primary stellar wind
for several weeks near periastron passages (Soker 2005,
2007; Soker & Behar 2006; Akashi et al. 2006; Kashi &
Soker 2007, 2008b, 2009c). This accretion suppresses
the secondary star’s wind. Since the source of the hard
X-ray emission is the post-shock fast, v2 ' 3000 km s−1,
secondary wind, the X-ray luminosity displays a mini-
mum with a duration of several weeks. Hydrodynamic
simulations show that indeed the secondary star accretes
mass near periastron, in a process that suffers instabil-
ities (Akashi et al. 2013; Kashi 2017, 2019). The accre-
tion model can account for several other observed prop-
erties, such as the orbital variations of numerous lines
(Kashi & Soker 2007, 2008a, 2009a,b, 2016, 2018), the
infrared light curve (Kashi & Soker 2008b), the X-ray
light curve and emission measure (Soker & Behar 2006;
Akashi et al. 2006; Kashi & Soker 2009a), the timing of
the peaks in the light curve of the great eruption (GE)
and lesser eruption of the nineteenth century (Kashi &
Soker 2010), the very fast velocities of gas ejected during
the GE (Akashi & Kashi 2020), and more.
Navarete et al. (2020) observed optical lines during the
2020.1 spectroscopic event and concluded that the cir-
cumstellar ejecta is dissipating, but the primary does not
change significantly. Similar conclusions were reported
by Mehner et al. (2019) and Damineli et al. (2019). On
the other hand, long term observations of optical lines
η Car lead Davidson et al. (2005) to suggest there is
a decrease in the mass-loss rate from the primary star,
referred to as a ‘change of state’. This effect was ob-
tained in numerical simulations of the recovery of η Car
from the great eruption (Kashi, Davidson, & Humphreys
2016). Further indication for the change came from com-
parison of UV lines emission at similar orbital phases
separated by two orbital revolutions, at positions far
from periastron passage (Davidson et al. 2018b). Here
we show that the 2020 X-ray minimum provides further
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evidence for a recent decrease in the primary’s mass loss
rate.
In section 2 we describe the expected general behavior
of NH around periastron passage. We then describe the
observations (section 3) and the X-ray light curve (sec-
tion 4). We return to the accretion model and instabili-
ties in our analysis of the new observations in section 5.
We summarize our results in section 6.
2. THEORETICAL CONSIDERATIONS FOR THE
X-RAY COLUMN DENSITY
We derive the column density for three cases according
to the position of the secondary star with respect to the
primary star and the observer. These cases are indicated
as NH,90, NH,c, and NH,f in Fig. 1. One case (NH,90)
is relevant to the two opposite orientations, while each
of the two other cases is relevant to a different, specific
orientation. In one orientation (NH,c) the secondary is
closest to us at periastron (ω ' 90◦), while in the other
(NH,f) the secondary star is furthest from us at peri-
astron (ω ' 270◦). For the inclination of the orbit we
adopt i = 144◦, based on results in Madura et al. (2012)
and Teodoro et al. (2016); the adopted value represents
the middle of the range determined by Teodoro et al.
(2016). The inclination is defined as the angle from the
line of sight to the angular momentum of the binary sys-
tem (along a line perpendicular to the orbital plane). In
Fig. 1 we indicate the angle between the line of sight and
the orbital plane. According to Teodoro et al. (2016),
in the ‘secondary furthest orientation’ at periastron the
secondary is not precisely behind the primary, but there
are other uncertainties that are larger. One such uncer-
tainty is the X-ray emitting zone (see below). Another
uncertainty is the exact density structure of the primary
stellar wind, i.e., its exact mass loss rate, how clumpy it
is, and how the interaction zone of the two winds behave
(see Kashi & Soker 2008a). In Fig. 1 we indicate with a
solid black arrow the integration line for the column den-
sity in the ‘secondary furthest orientation’, NH,f . This
line is in the plane of the diagram. For the ‘secondary
closest orientation’ column density NH,c, we will obtain
a similar expression for the line of integration (solid red
arrow at top of diagram), but with different integration
boundaries.
We define the angle ψ = i − pi/2 = 54◦ as indi-
cated in Fig. 1. These integration lines are at a dis-
tance of h = a(1 − e) sinψ = 1.35 AU from the line of
sight to the center of the primary star, where we take
a = 16.64 AU and e = 0.9 for the semi-major axis and
eccentricity, respectively. For a period of 2023 days, this
value of the semi-major axis implies a total binary mass
of M1 + M2 = 150M. Note that we took here what
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Figure 1. Schematic drawing of the geometry of the binary
system in the plane that contains the center of the primary
star, the secondary at periastron, and the observer. We ex-
amine two opposite orientations where during periastron the
secondary star is either at the closest or furthest point from
us. The dashed horizontal line indicates that the integration
is not in the plane of the figure, but at a distance of D90
from the plane (see text).
is usually referred to as the conventional model for the
masses of η Car, but as will be seen from the follow-
ing equations (that are calibrated for the conventional
model) the values of the column density only slightly
change for the high-mass model, for which a = 19.73 AU
and M1 +M2 = 250M (see table 1 in Kashi 2017). In
addition to NH,c and NH,f , we also calculate the column
density from the secondary star to the observer when
the primary-secondary line is perpendicular to the line
of sight, NH,90. This line of integration lies at a distance
of D90 = a(1− e2) = 3.16 AU above or below the plane
of Fig. 1.
Expressions for the foregoing column densities are ob-
tained as follows. The proton number density of the
primary wind is
nH =
XM˙1
4pir2mHv1
≡ Λr−2, (1)
where X is the hydrogen mass fraction, v1 is the velocity
of the primary wind, and M˙1 is the mass loss rate into
the primary wind, and the second equality defines the
parameter
Λ = 6.01× 1023
(
X
0.5
)(
M˙1
3× 10−4 M yr−1
)
×
( v1
500 km s−1
)−1
cm−2 AU,
(2)
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where the unusual choice of units facilitates later scaling.
In this calculation we assume that the bulk of the ob-
served 2–10 keV X-ray emission from η Car arises very
close to the secondary star. The emission should in fact
be generated at some distance between the stars, which
will reduce the difference in distance between the two
orientation cases at periastron, but on the other hand
will bring the X-ray emitting gas deeper into the dense
primary wind. The latter effect is larger, and as a conse-
quence this model may underestimate the difference in
column densities between the two orientations. Given
these uncertainties, the calculation we present here is
an approximation. Nonetheless, we think is adequate
for our purposes, i.e., interpreting the observed X-ray
flux and absorption in terms of the binary orbital pa-
rameters.
We can now calculate the column density for the three
cases illustrated in Fig. 1. As noted, the first case, col-
umn density NH,c, is for the case where the secondary
closer to the observer at periastron, while the second,
NH,f , is for the secondary behind the primary wind
at periastron. The third value of the column density,
NH,90, is the same for both orbit orientations in the
simple form presented in Fig. 1, and this third case ap-
plies when the secondary-primary line is perpendicular
to the line of sight. At that time the distance between
the secondary and primary is D90 = a(1−e2) = 3.16 AU
for the parameters we adopt here. We can obtain these
column densities as follows. For the perpendicular phase
we have
NH,90 =
∫ ∞
0
nHdl =
∫ ∞
0
Λ
dl
l2 +D290
=
Λ
D90
pi
2
= 2.99× 1023
(
Λ
6.01× 1023 cm−2 AU
)
×
(
D90
3.16 AU
)−1
cm−2.
(3)
Using the geometry as presented in Fig. 1 we find that
Dp = a(1 − e) cosψ, and so Dp/h = cotψ = 0.73. We
then obtain
NH,c =
∫ ∞
Dp
nHdl =
∫ ∞
Dp
Λ
dl
l2 + h2
=
Λ
h
(
pi
2
− tan−1 Dp
h
)
=
Λ
h
ψ =
Λ
rp
ψ
sinψ
= 4.21× 1023
(
Λ
6.01× 1023 cm−2 AU
)
×
( rp
1.66 AU
)−1
cm−2,
(4)
where rp = 1(1−e) = 1.66 AU is the periastron distance.
Similarly,
NH,f =
∫ ∞
−Dp
nHdl =
∫ ∞
−Dp
Λ
dl
l2 + h2
=
Λ
h
(
pi
2
+ tan−1
Dp
h
)
=
Λ
h
(pi + ψ) =
Λ
rp
pi + ψ
sinψ
= 9.82× 1023
(
Λ
6.01× 1023 cm−2 AU
)
×
( rp
1.66 AU
)−1
cm−2,
(5)
These expressions show that if the distance from pri-
mary to X-ray emitting region is smaller than the dis-
tance from primary to secondary (i.e., X-rays are gener-
ated in between the two stars), then the column density
is larger than the calibrated values in equations (4) and
(5).
For later analysis the predicted ratios of these column
densities are
NH,c
NH,90
= 1.41
(
1 + e
1.9
)
and
NH,f
NH,90
= 3.29
(
1 + e
1.9
)
,
(6)
for the closest-orientation and furthest-orientation, re-
spectively. Note that the above ratios do not depend
on Λ, and even do not depend on a. They only depend
on (1 + e), and as the eccentricity is a well constraint
variable, if we take e ' 0.88–0.92 these ratios vary only
by 1%. We note again that this calculation assumes a
smooth primary wind that fills the entire volume.
3. OBSERVATIONS
Observations of η Car were obtained with the Neu-
tron Star Interior Composition Explorer (NICER), un-
der NICER Guest Observer programs 1110 (PI: K.
Gendreau), 2612 (PI: M. Corcoran), and 3651 (PI: D.
Espinoza-Galeas). NICER is an X-ray telescope at-
tached to the International Space Station. NICER’s
large effective area, broad band pass, moderate spectral
resolution and 30 arcmin2 field of view provide the ca-
pability of collecting spatially unresolved observations of
X-ray emitting regions surrounding η Car. Archival ob-
servations of η Car by NICER were obtained for observ-
ing dates between 20-07-2018 and 24-7-2020. Archival
data were reduced using the HEASoft package (v 6.27.2)
available from the High Energy Astrophysics Archive
Research Center (HEASARC). The NICER Heasoft tool
nicerl2 was used to create cleaned level 2 event files
with up-to-date gain calibrations (NICER CALDB ver-
sion 20200722). Source and background spectral files for
each observation were extracted using the NICER back-
ground estimator tool nibackgen3c50 (v5). Due to its
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flux variability, η Car occasionally reaches the detection
threshold of NICER in a given observation (Fig. 2). To
prevent adding unnecessary background counts to our
source spectra, we chose to remove portions of an obser-
vation if the good time intervals indicated an exposure
of less than 100 seconds. These very short exposures
likely include very few source counts but can have high
background levels. A maximum GTI time of 3000 sec-
onds and a maximum net high background rate value of
0.05 counts s−1 were chosen as input parameters when
generating background spectra for the occasionally faint
source η Car. Of the ≈ 290 NICER observations with
non-zero exposure times in our date range, ≈ 50 obser-
vations did not meet the above criteria for background
selection were discarded.
Fits to the resulting NICER spectra were obtained
via the Sherpa X-ray spectral fitting package (v 4.12).
We constructed a python script to automate the fitting
process for the 242 NICER observations. Each spectrum
was background subtracted and binned to require a SNR
of at least 3. Fits were performed for each spectrum be-
tween two energy ranges, 2–10 keV and 5–10 keV (see
section 5), using the Nelder-Mead Simplex optimization
method with the χ2 Gehrels statistic. Following a sim-
ilar procedure to that discussed in Hamaguchi et al.
(2007), we fit each spectrum with an absorbed APEC
thermal equilibrium model (using wabs for the absop-
tion component of the model; Morrison & McCammon
1983) and two Gaussians at the positions of the Fe Kα
and Kβ lines (6.4 keV and 7.1 keV, respectively). An ad-
ditional Gaussian component was used in the 2–10 keV
fits to model the S xv line at ∼ 2.5 keV; this component
is associated with the Homoculus Nebula (Hamaguchi et
al. 2007). The Fe abundance remained free between 0.0
and 1.0 times solar in the fits, while the other metals
were frozen to their solar values. The ratio of the Fe Kα
flux to Fe Kβ was set to 11.3% (Hamaguchi et al. 2007;
Yamaguchi et al. 2014). Spectral fitting results, includ-
ing the observed X-ray fluxes calculated for both the
2–10 keV and 5–10 keV fits and reduced χ2 values, are
listed in Tables 1 and 2. All fit parameters are reported
with their 90% confidence intervals. The fluxes reported
for the 2–10 keV fits do not include the S xv Gaussian
component. Emission measure (EM) is reported from
the fit normalization parameter assuming a distance of
2.6 kpc. Large uncertainties are present in the 5–10 keV
best-fit parameters as expected for a source with low
flux in this energy range. For both the 2–10 keV and
5–10 keV fits, we do not report values or errors where
the best-fit model did not converge on a particular pa-
rameter value (i.e., a maxima or minima boundary was
hit).
The NICER instrument is unable to produce spatially
resolved spectra for the η Car region; all X-ray emis-
sion in the 30 arcmin2 field of view surrounding Eta
Car is included in these spectra. Thus, as discussed in
Hamaguchi et al. (2007) for the case of XMM-Newton
observations of η Car, several different X-ray emission
components associated with η Car can be observed in
the NICER spectra. In particular, the outer ejecta re-
gions and the Homunculus Nebula both contribute sig-
nificantly. Moreover, an additional, unrelated X-ray
point source, HDE 393397 AB (a spectroscopic binary
O4.5V star; Sota et al. 2014), also falls within the field
of view of the NICER η Car observations. Since we can-
not remove these contributions to the NICER spectra of
η Car, we instead focus on relative changes in the X-ray
spectrum due to the variability of the Eta Car central
binary as the system first approached and then recov-
ered from periastron. We assume that on timescales of
days to months, no variability is induced by these exter-
nal X-ray components in the 2–10 keV range where we
perform our spectral fits.
Fig. 2 shows selected η Car NICER spectra for a num-
ber of notable epochs. January 7, 21, 27, and February
3 are times of strong peaks in the lightcurve, which are
usually referred to as flares. February 14 and 18 are
representative specta taken during the X-ray minimum.
Figs. 3 and 4 show our fit to the NICER 2–10 keV and
5–10 keV energy ranges, respectively.
Fig. 5 presents the resulting broad-band (2–10 keV)
and hard (5–10 keV) X-ray flux variations (hereafter we
will refer to them simply as light curves) during the 2020
spectroscopic X-ray minimum.
We present only observations that yielded reduced
χ2 values in the range 0.4 ≤ χ2red ≤ 2.5, and NH
where 90% confidence intervals were determined, as
well as those observations with very low flux F ≤
10−11erg s−1 cm−2 even if the aforementioned condi-
tions for χ2red and NH were not fulfilled. Adopting a
distance of 2.6 kpc (Davidson, Helmel, & Humphreys
2018a), flux of 10−10 erg s−1 cm−2 corresponds to lumi-
nosity of 8.09× 1034 erg s−1. Fig. 5 also shows the 0.5–
10 keV X-ray light curve reported by Espinoza-Galeas
et al. (2020), where we have combined the two sets of
observations. In the Espinoza-Galeas et al. (2020) light
curve, the X-ray minimum appears to be interrupted by
a flare, with a peak flux 3.3 × 10−11 erg s−1 cm−2 and
a duration of ' 5 days. However, in our reanalysis of
the 2–10 keV NICER data, we did not recover a flare
during this time period (compare the solid green and
dashed magenta curves in Fig. 5). The S/N ratios
in the spectra during X-ray minimum are poor, such
that small differences in background subtraction meth-
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Figure 2. NICER X-ray spectra of η Car across the 2020 periastron passage grouped to require a minimum SNR=6.
Observations of the flare are displayed on January 7, 21, 27, and February 3. NICER spectra during the X-ray minimum are
displayed for February 14 and 18. The extended X-ray emitting regions surrounding η Car contribute primarily at energies
< approximately 2 keV where little variability is observed. The 2–10 keV emission is associated with previously shocked gas
farther from the central stars. Emission in the 5–10 keV range comes from the apex of the colliding winds located between the
two stars but closer to the secondary.
ods may account for the differences between the respec-
tive light curves. Espinoza-Galeas et al. (2020) ATel do
not detail background subtraction methods and thus it
is difficult to identify the discrepancy in the flare detec-
tion. As described in section 3, we use the most up to
date calibration files as well as a suggested background
determination method from the NICER team (Remil-
lard et al, in prep1). We note that the apparent flare
reported by Espinoza-Galeas et al. (2020) cannot origi-
nate from the 0.5–2 keV spectral component, since this
component arises from η Car’s surrounding, extended
emission and hence does not vary during the X-ray min-
imum (Hamaguchi et al. 2007).
The duration of the X-ray minimum has varied in the
last 4 cycles where it was closely monitored (Corcoran et
al. 2017). Fig. 6 shows a comparison of the last 5 cycles,
focused on the X-ray minimum. As can be seen in Fig.
5, the duration of the X-ray minimum in the 2020 cycle
is not well constrained as the recovery is gradual and
has some fluctuations. The duration can be considered
to be anything in the range ' 25–37 days. The hard
component has a clearer recovery, and its duration is
23 days.
The recovery from the 2020 X-ray minimum occurs at
the steepest slope amongst the 5 cycles. A quantifying
1 See NICER background estimator tools page: https://heasarc.
gsfc.nasa.gov/docs/nicer/tools/nicer bkg est tools.html
criterion that takes the slope of the recovery into account
would indicate that the present cycle had the shortest
minimum. If, for example, we consider the duration of
the X-ray minimum to be the time where the flux is F ≤
5×10−11erg s−1 cm−2 then the 2020 X-ray minimum is
the shortest. Hereafter we will refer to this finding about
the 2020 Minimum simply as ‘fastest recovery’.
Fig. 7 shows the hydrogen column density NH from
the fitted NICER spectra for the broad-band and hard
X-ray ranges, while Fig. 8 shows the hard X-ray flux and
NH together. The duration of X-ray minimum for the
hard X-ray component is marked in these two figures.
4. THE X-RAY LIGHT CURVE
Before we turn to analyse the column density evolu-
tion, we discuss the X-ray light curve just before, during,
and just after the X-ray minimum. We emphasise three
properties of the X-ray light curve, and explain them in
the frame where the hard X-ray results from the post-
shock secondary wind as it collides with the primary
wind in the regions between the two stars (e.g., Pittard
& Corcoran 2002; Akashi et al. 2006).
1. A deep X-ray minimum. Fig. 5 shows that during
the X-ray minimum the X-ray emission is very weak.
Absorption alone cannot account for this. It seems that
the secondary wind ceases to exist during the X-ray min-
imum. Most likely the primary wind manages to reach
the secondary star, and the secondary star accretes mass
from the wind of the primary star rather than blowing
8 A. Kashi et al.
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Figure 3. X-ray spectral fits to the 2–10 keV NICER data of η Car across the 2020 X-ray minimum. Spectra are grouped to
require a minimum SNR=3 where dates and colors correspond to the same format as Fig. 2. The best-fit models are shown in
orange and described in section 3.
its wind (e.g., Soker 2005; Kashi 2019; see section 1).
According to this scenario, when the secondary star re-
builds its wind the X-ray emission resumes. In section
6 we further discuss this point in relation to the orien-
tation of the binary system.
During most of the X-ray minimum the X-ray emis-
sion is due mainly to post-shock secondary wind that
was shocked weeks to months before periastron passage,
and now resides at large distances of dx,min & 10 AU
from the primary star. By equation (4) or equation (5)
this ensures a low column density, as we replace rp with
dx,min. Although the post-shock secondary wind suf-
fers adiabatic cooling, its X-ray tail contributes to the
> 5 keV band. This explains the low values of NH at
the X-ray minimum.
2. An early exit from the X-ray minimum. From Fig.
6 we learn that the last cycle had the earliest exit from
the X-ray minimum. This continues the trend of the
previous two cycles that had earlier exits than the first
two cycles for which we have X-ray light curves (Corco-
ran 2005; Corcoran et al. 2017; Espinoza-Galeas et al.
2020). As we mention in section 1, this might result
from a weaker primary wind that allows the secondary
wind to rebuild itself earlier.
3. Strong pre-minimum fluctuations. One feature
common to all five light curves of the five cycles is that
the light curve after exit from the minimum is relatively
smooth. On the other hand, the light curves in the weeks
to months before the minimum show large fluctuations,
known as flares (Moffat & Corcoran 2009). This most
likely is an outcome of large-amplitude instabilities in
the process of the wind collisions, as numerical simula-
tions show (Akashi et al. 2013; Kashi 2017, 2019). This
is important also for the minimum itself. The instabili-
ties imply the presence of dense clumps in the primary
wind. Such clumps are the first to reach the secondary
star as the system approaches periastron, and they seem
to weaken the secondary wind. This in turn allows more
of the primary wind to reach the secondary star and
Eta Car 2020 X-ray minimum 9
5 6 7 8 9 10
Energy [keV]
0
1
2
3
4
5
Co
un
ts
 s
1  k
ev
1
Date: 2020-01-07
5 6 7 8 9 10
Energy [keV]
0
1
2
3
4
5
6
7
Co
un
ts
 s
1  k
ev
1
Date: 2020-01-21
5 6 7 8 9 10
Energy [keV]
0.00
0.25
0.50
0.75
1.00
1.25
1.50
Co
un
ts
 s
1  k
ev
1
Date: 2020-01-27
5 6 7 8 9 10
Energy [keV]
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Co
un
ts
 s
1  k
ev
1
Date: 2020-02-03
5 6 7 8 9 10
Energy [keV]
0.00
0.05
0.10
0.15
Co
un
ts
 s
1  k
ev
1
Date: 2020-02-14
5 6 7 8 9 10
Energy [keV]
0.1
0.0
0.1
0.2
0.3
Co
un
ts
 s
1  k
ev
1
Date: 2020-02-18
Figure 4. X-ray spectral fits to the 5–10 keV NICER data of η Car across the 2020 X-ray minimum. Spectra are grouped to
require a minimum SNR=3 where dates and colors correspond to the same format as Fig. 2. The best-fit models are shown in
orange and described in section 3.
completely or almost completely turn off the secondary
wind for the duration of the minimum.
5. THE COLUMN DENSITY TO THE HARD
X-RAY SOURCE (5–10 keV)
We perform our analysis under the common assump-
tion that in η Car most of the hard X-ray emission,
> 5 keV, comes from the central binary (Hamaguchi et
al. 2007), namely from the wind collision region (specif-
ically, the post-shock secondary wind). This region lies
mainly between the two stars and is closer to the sec-
ondary star (e.g., Ishibashi et al. 1999; Pittard & Cor-
coran 2002; Akashi et al. 2006; Hamaguchi et al. 2007).
5.1. NH close to apastron
Hamaguchi et al. (2007) deduced from their analy-
sis that away from periastron (near apastron) the col-
umn density toward the hard X-ray emission component
(> 5 keV) is NH,a ' 17 × 1022 cm−2 (their figure 13).
Subscripts ‘a′ and ‘p′ refer to values near apastron and
near periastron, respectively.
First we note that the X-ray light curve has large fluc-
tuations (‘flares’ and ‘troughs’), as in previous cycles
(e.g., Corcoran 2005). The same goes for NH toward
the main hard X-ray source. From the left side of the
upper panel of Fig. 8 we find that away from perias-
tron the values of the column density are in the range
of NH,a ' 20–60× 1022 cm−2.
Kashi & Soker (2008a) calculated (their figure 6) the
expected values of the absorbing column density for the
two orientations close to apastron. For ω ' 270◦ (sec-
ondary closer to the observer at apastron) they obtained
NH,a(Cal270) ' 4 × 1022 cm−2, while for ω ' 90◦
(primary closer to the observer at apastron) they ob-
tained NH,a(Cal90) ' 17 × 1022 cm−2. It is clear that
the ω ' 270◦ orientation (secondary close to us near
apastron) is not consistent with the high (NH,a ' 20–
60×1022 cm−2) column density derived in this work to-
wards the wind collision region. Therefore — although
there are large uncertainties and large variations from
data point to data point — overall, the new column
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Figure 5. Upper panel: The NICER 2-10 keV and 5–10 keV (hard X-ray) light curve of η Car and 90% confidence values bot
both ranges. Lower panel: zoom in on the 2020 X-ray minimum. We compare our fitted flux to the results of Espinoza-Galeas
et al. (2020). Note that error bars were not given for the data in Espinoza-Galeas et al. (2020). The time axis is set to the
beginning of periastron passage; t = 0 is on Feb 10, 2020 (JD= 2458890). We see that the X-ray minimum flare obtained by
Espinoza-Galeas et al. (2020) on t = 8 days is not present in our results. The figure also demonstrates that the for for the 5–10
keV energy range results in better error estimate than for the 2–10 keV energy range.
density values we find from NICER observations of the
last cycle near apastron strengthen the claim of Kashi
& Soker (2008a) for the ω ' 90◦ orientation.
5.2. NH close to periastron
To determine the column density toward the post-
shock secondary wind we consider only the hard X-rays,
> 5 keV, that we attribute (see above) to the post-
shock secondary wind, mainly close to the secondary
star. During most of the > 5 keV X-ray minimum,
JD=2458889 (10-2-2020) to JD=2458912 (4-3-2020), the
values of NH are not much larger than the NH values be-
fore and after the X-ray minimum, when the X-ray flux
is much larger. Although the uncertainties in the val-
ues of NH are on the order of the values themselves,
the inferred change in NH is sufficiently small to suggest
that the minimum is not due to absorption of the X-ray
source. Hence, the X-ray source power must substan-
tively diminish during the X-ray minimum.
The general range of NH values during the X-ray-
minimum are in the range 28–72 × 1022 cm−2, with a
median value of ' 57×1022 cm−2. Taking the weighted
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Figure 6. Comparison of the X-ray minimum for the last 5 X-ray minima of η Car. Data for earlier cycles is adopted from
Corcoran et al. (2017). The time scale is fixed and the beginning of the 1997-8 X-ray minimum and a period of 2023 days is
used to fold the data. The duration of the 2020 X-ray minimum can be considered to be anything in the range ' 25–37 days,
depending on the definition. The recovery from the 2020 X-ray minimum occurs at the steepest slope.
mean over this range we get NH,min = (53 ± 13) ×
1022 cm−2.
We also note that when η Car was observed during the
the 2003.5 X-ray minimum both by XMM-Newton and
Chandra (that has better spatial resolutions2), similar
values of NH ' 20–60 × 1022 cm−2 were derived from
observations in both telescopes (Hamaguchi et al. 2007).
This is also the same range of values we derive here
during the 2020 X-ray minimum.
On JD=2458910 the binary system is about 20 days
after periastron. At that time the binary orientation is
at about 90◦ degrees in the orbital motion with respect
to periastron and the column density is about similar to
the mean value during periastron. There are few valid
NH observations at the exit from periastron so we will
consider also values at later times, during the recovery
(exit) from the minimum, JD=2458912 to JD=2458930.
We note again that the exit from the minimum in the
last cycle is the earliest among the five X-ray recorded
cycles, and so the hard X-ray flux at exit is sufficiently
strong to allow us determination of NH at exit from
minimum. During this exit period the values of the
column density have a median of ' 58 × 1022 cm−2
and the taking weighted mean over the period gives
NH(exit) = (67 ± 11) × 1022 cm−2. Thus we obtain
2 Henley et al. (2008) mention that the Chandra observed spec-
tral line profiles during the 2003.5 X-ray minimum can be fitted
with synthetic profiles with a model of the emissivity along the
colliding winds boundary.
NH,p
N+90◦
' 0.79± 0.23, (7)
where NH,p and N+90◦ are the means of the best-fit col-
umn densities during and after periastron passage.
Prior to the periastron passage the X-ray flux is larger,
resulting in better determined values of NH. About
20 days before the beginning of the X-ray minimum,
JD ' 2458870, the binary system is about to enter
the X-ray minimum. Taking the range JD=2458865
to JD=2458875 the column density has a median of
' 25 × 1022 cm−2, and taking weighted mean over this
range gives NH(enter) = (26±3)×1022 cm−2. Adopting
this value for the column density 90◦ before periastron,
i.e., NH(enter) = N−90, we find
NH,p
N−90
' 2.04± 0.55, (8)
where NH,p and N−90◦ are the means of the best-fit
column densities during and before periastron passage.
Let us compare the observationally determined ratios
in equations (7) and (8) with the theoretical expectation
of equation (6). We first note that the simple theoret-
ical setting we use in deriving equation (6) gives the
same column density before and after the X-ray mini-
mum, e.g., N−90 = N+90. Therefore, if we compare one
value of the theoretical expectation with the observa-
tional findings it is the average of the values of equations
(7) and (8), i.e., a ratio of NH,p/NH,90 ' 1.4 (recall that
this is a theoretical ratio with about 1% error). For an
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Figure 7. Upper panel: The derived hydrogen column density for the 2–10 keV and 5–10 keV energy ranges, and 90% confidence
values bot both ranges. The time axis begins about two years before periastron passage, where the stars are very far from each
other on their P = 2023 days orbit. Dashed vertical lines in both panels represent the beginning and end of the X-ray minimum
(note the uncertainties in the exit date that we discuss in the text). Lower panel: zoom in on the 2020 X-ray minimum (close
to periastron passage).
assumed orientation in which the secondary star is clos-
est to us at periastron (ω ' 90◦) the theoretical ratio
of the column density at periastron to that at 90◦ orbit,
which occurs about 20 days before and after periastron,
is NH,c/N90 ' 1.4, while for the orientation where the
secondary star is away from us at periastron (ω ' 270◦)
the expected value is NH,f/N90 ' 3.3 (equation 6). The
observed ratios (equations (7) and (8)) are hence more
consistent with the ω = 90◦ orientation.
We note that it is possible that the NH we deduce
during the faintest portions of the NICER X-ray mini-
mum is not to the vicinity of the secondary star as we
assume here, but rather to a different weak source near
the center, what Hamaguchi et al. (2007, 2014a,b, 2016)
term the central constant emission (CCE) component.
We prefer the foregoing model — wherein the intrinsic
X-ray luminosity has declined (due to accretion onto the
secondary) and NH is indeed measured toward the cen-
tral binary — in part because of the smooth variation of
NH across the X-ray minimum. We would have expected
that if the NH during the X-ray minimum is measuring
the absorbing column toward an X-ray source whose ex-
tent is much larger than the central binary, then NH
would show a steep drop as the flux drops when en-
tering the X-ray minimum, and that these lower values
are sustained until the flux recovers. This signature is
not apparent in these observations, although we note
that the value of NH and its uncertainties are poorly
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Figure 8. Upper panel: The derived hydrogen column density of the hard X-ray η Car from NICER observations (left axis,
blue line). The time axis begins about two years before periastron passage, where the stars are very far from each other on
their P = 2023 days orbit. Dashed vertical lines in both panels represent the beginning and end of the X-ray minimum. Lower
panel: zoom in on the 2020 X-ray minimum (close to periastron passage). The flux from Fig. 5 is also plotted in both panels
(right axis, red line).
constrained due to the low X-ray flux during minimum.
Similar smooth variation has been observed for the 1997-
8 X-ray minimum by RXTE (Ishibashi et al. 1999).
6. SUMMARY AND DISCUSSION
Beginning in July 2017, the NICER X-ray telescope
facility has regularly been observing η Car, including
daily coverage of the 2020.1 X-ray minimum that coin-
cided with the so-called “spectroscopic event” of strong
variability in visible and IR line emission which occurs
around periastron passages (with last passage occur-
ring in February 2020). We processed and analyzed
the NICER X-ray observations (examples of which are
shown in Fig. 2), with our analysis focused on the hard
(5–10 keV) X-ray light curve and the hydrogen column
density to the source of the hard X-rays. The light
curve shows the expected X-ray minimum 5.54 years af-
ter the previous minimum in mid-2014. The NICER
data demonstrate that this most recent periastron pas-
sage exhibited the fastest recovery among the five ob-
served X-ray minima (Fig 5).
We interpret the fast recovery of this X-ray minimum
in the frame of the accretion model of the spectroscopic
event (Kashi & Soker 2008a). According to the accretion
model, near periastron, the stellar wind collision region
becomes very close to the secondary star; as a result,
the secondary star accretes mass from the dense primary
wind. This accretion process suppresses the secondary’s
wind. We surmise that the primary wind was relatively
weak during this most recent periastron passage, and
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this weak wind allowed the secondary wind to quickly
revive itself, thereby terminating the X-ray minimum
at the earliest recorded orbital phase after periastron
passage.
By fitting the hard (5–10 keV) region of the X-ray
spectra (see examples in Fig. 4), we determined the col-
umn density NH(t) to the hard X-ray source as function
of time (Fig. 8). The hard X-ray source originates close
to the apex of the post-shock secondary wind, where
the two winds collide directly, and is therefore located
between the two stars, closer to the secondary than the
primary star. Although there are large uncertainties in
the values of NH(t) derived from the individual NICER
spectral fits, we found that we can use the time-averaged
values of NH during specific orbital phases (before, dur-
ing, and just after the X-ray flux minimum) to discrim-
inate between two alternative orientations proposed for
the binary system (i.e., secondary in front of vs. behind
primary during periastron passage).
Specifically, in section 5.1, we compared the values of
NH that we derived from observations away from peri-
astron, i.e., near apastron (left region of upper panel of
Fig. 8) with the theoretically expected values that we
derived in (Kashi & Soker 2008a). We found that the
column densities away from periastron are too large to
be consistent with the binary orientation wherein the
secondary star is closer to us at apastron, i.e., ω ' 270◦,
since we require the primary dense wind to supply the
column density. These results thereby support the ear-
lier conclusion of Kashi & Soker (2008a) (which were
based on NH values derived from XMM-Newton X-ray
observations; Hamaguchi et al. 2007) that the secondary
star of η Car is away from us near apastron, i.e., ω ' 90◦.
In section 5.2 we compared the values of NH that we
calculated for the two alternative opposite binary orien-
tations (section 2) to those that we derived from obser-
vations (lower panel of Fig. 8). We took the periastron
passage to have occurred just after the beginning of the
X-ray minimum. We determined the approximate ra-
tio of the column density near periastron to that about
20 days later, when the primary-secondary position had
changed by 90◦ (equation 7), and the ratio of perias-
tron column density to that 20 days before periastron
(equation 8). These ratios of NH variation are ≈ 0.8
and ≈ 2.0, respectively. In the simple theoretical model
we have developed (Fig. 1), these two ratios are aught
to be small if ω ' 90◦, since during this time the line
of sight to the hard X-ray source should not reach very
close to the primary where the densities are very large.
This range of column density ratio variation, 0.8–2.0,
can then be compared with the theoretical predictions
for the variations that should result from the two op-
posing assuming binary orientations. For the ω = 90◦
orientation (upper part of Fig. 1) the predicted ratio of
variation is 1.4 — precisely in the middle of the observed
range — while for the ω = 270◦ orientation (lower part
of Fig. 1) the predicted ratio of variation is 3.3 (equation
6), i.e., outside the range of observed variation. There-
fore, this comparison of the theoretically expected vari-
ation of NH around periastron (that we express as ratios
with the value at the X-ray minimum) to those that we
derived from observations, also supports the ω = 90◦
orientation (upper part of Fig. 1).
Thus, the main conclusion we draw from our analy-
sis of the NICER X-ray observations of the most recent
periastron passage of η Car is that the binary orbital ori-
entation is ω ≈ 90◦, i.e., the secondary star is closer to
us than the primary star at periastron. Our secondary
conclusion is that the weakening of the primary stellar
wind over the last several cycles allowed the earlier re-
vival of the secondary wind and, resulting in the fastest
recovery from X-ray minimum yet observed for η Car.
The results described in this paper serve to illustrate
how the variation of column density toward the hard
X-ray source during the orbital motion of the massive
binary system η Car, NH(t), is potentially a more sen-
sitive diagnostic of the configuration of the binary and
the orientation of the binary orbit than is the variation
of the X-ray flux FX(t) (Kashi & Soker 2008a). The
drawback of this application of column densities derived
from spectral fitting is that — especially in the (hard X-
ray) energy range of interest here (∼5–10 keV) — NH(t)
is subject to larger uncertainties than FX(t). Thus, in
the coming decades, higher quality X-ray observations
of η Car around periastron utilizing planned X-ray mis-
sions such as Athena+ Nandra et al. (2013) are essential
if we are to improve our understanding of this astrophys-
ically important massive binary system.
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the High Energy Astrophysics Archive Research Cen-
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tool. AK acknowledges support from the R&D Author-
ity, and the chairman of the Department of Physics in
Ariel University. NS was supported by a grant from the
Israel Science Foundation (769/20).
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APPENDIX
Table 1. Best-fit model parameters to the 2–10 keV NICER X-ray spectra of Eta Car between July 2017 and July 2020
and their 90% confidence values. The columns in order describe the (1) NICER observation date and time in UT, (2) unique
observation number associated with the observation, (3) absorbing column density, (4) plasma energy (temperature), (5) Iron
abundance relative to Solar, (6) log of the emission measure, (7) observed flux in the 2–10 keV band assuming a distance of 2.6
kpc, and (8) the reduced χ2 value associated with the best fit model. Table locations with missing values indicate the spectral
fitting process hit a hard minimum or maximum and thus are not reliable. X-ray spectral models and fitting procedure are
described in more detail in section 3. The full table is available in machine readable format.
Date ObsID NH kT Fe log(EM) Flux Red. χ
2
[UT] [1022 cm−2] [keV] [Z] [cm−3] [erg s−1 cm−2]
2017-07-20T02:59:20 1110010101 2.66+0.91−0.90 3.65
+1.63
−0.87 0.67
+0.37
−0.33 57.70
+57.20
−57.10 4.24e-11
+1.04e−11
−1.01e−11 0.67
2017-07-21T00:36:20 1110010102 2.96+0.59−0.69 3.17
+0.91
−0.51 0.76
+0.28
−0.25 57.79
+57.10
−57.10 4.51e-11
+1.35e−11
−1.10e−11 0.54
2017-07-22T04:23:20 1110010103 3.26+0.62−0.65 2.87
+0.64
−0.43 0.60
+0.28
−0.25 57.84
+57.18
−57.12 4.25e-11
+5.78e−12
−5.70e−12 0.61
2017-07-24T10:25:00 1110010105 2.82+1.56−1.31 3.43
+2.56
−1.23 0.79
+0.66
−0.50 57.72
+57.53
−57.26 4.02e-11
+3.50e−11
−2.80e−11 0.62
2017-10-05T02:11:20 1110010106 3.60+0.81−0.74 2.50
+0.58
−0.47 0.54
+0.35
−0.29 57.92
+57.42
−57.26 4.11e-11
+1.56e−11
−1.49e−11 0.63
2017-11-21T06:42:27 1110010108 3.01+0.82−0.76 3.01
+0.81
−0.59 0.56
+0.32
−0.28 57.79
+57.26
−57.12 3.99e-11
+1.60e−11
−1.48e−11 0.56
2017-12-12T06:09:20 1110010109 2.95+1.71−1.07 2.73
+0.98
−0.80 0.28
+1.21 57.81+57.64−57.29 3.62e-11
+1.00e−11
−1.11e−11 0.73
2017-12-22T00:41:36 1110010110 2.65+0.25−0.23 3.53
+0.32
−0.27 0.53
+0.10
−0.09 57.83
+56.74
−56.68 5.38e-11
+5.74e−12
−6.11e−12 0.78
2017-12-30T00:19:52 1110010111 3.26+0.83−0.72 3.27
+0.85
−0.66 0.62
+0.32
−0.28 57.86
+57.31
−57.15 5.09e-11
+1.29e−11
−1.28e−11 0.60
2018-01-18T20:51:00 1110010114 3.23+0.99−1.03 3.13
+1.43
−0.74 0.16
+0.26 57.88+57.45−57.34 4.61e-11
+1.96e−11
−1.66e−11 0.54
Table 2. Best-fit model parameters to the 5–10 keV NICER X-ray spectra of Eta Car between July 2017 and July 2020
and their 90% confidence values. The columns in order describe the (1) NICER observation date and time in UT, (2) unique
observation number associated with the observation, (3) absorbing column density, (4) plasma energy (temperature), (5) Iron
abundance relative to Solar, (6) log of the emission measure, (7) observed flux in the 5–10 keV band assuming a distance of 2.6
kpc, (8) the intrinsic (i.e., unabsorbed) flux in the 5–10 keV band, and (9) the reduced χ2 value associated with the best fit
model. Table locations with missing values indicate the spectral fitting process hit a hard minimum or maximum and thus are
not reliable. X-ray spectral models and fitting procedure are described in more detail in section 3. The full table is available in
machine readable format.
Date ObsID NH kT Fe log(EM) Flux Intrinsic Flux Red. χ
2
[UT] [1022 cm−2] [keV] [Z] [cm−3] [erg s−1 cm−2] [erg s−1 cm−2]
2017-07-20T02:59:20 1110010101 6.08+57.48 1.79+3.29−0.80 0.69
+1.52
−0.41 58.28
+59.28
−58.20 1.20e-11
+4.10e−11
−1.06e−11 2.13e-11
+6.70e−11
−1.88e−11 0.53
2017-07-21T00:36:20 1110010102 — 4.85+1.91−2.67 — 57.53
+58.31
−56.90 1.47e-11
+1.17e−11
−8.52e−12 2.01e-11
+1.28e−11
−1.14e−11 0.60
2017-07-22T04:23:20 1110010103 58.67+38.26−38.88 1.30
+0.61
−0.38 0.41
+0.48
−0.22 59.29
+60.06
−59.22 2.15e-11
+7.23e−11
−1.82e−11 7.15e-11
+1.86e−10
−6.20e−11 0.65
2017-07-24T10:25:00 1110010105 — 2.25+4.11−1.37 0.60
+2.13
−0.45 58.09
+59.99
−57.96 8.92e-12
+3.73e−11
−7.63e−12 2.43e-11
+6.43e−11
−2.15e−11 0.67
2017-10-05T02:11:20 1110010106 56.04+50.34 1.24+1.78−0.37 0.37
+0.77
−0.26 59.32
+60.20
−59.31 2.15e-11
+1.01e−10
−1.99e−11 7.77e-11
+2.73e−10
−6.92e−11 0.63
2017-11-21T06:42:27 1110010108 — 1.88+3.01−0.78 0.73
+1.10
−0.44 58.06
+59.00
−57.95 8.52e-12
+3.18e−11
−7.61e−12 1.39e-11
+4.38e−11
−1.20e−11 0.57
2017-12-12T06:09:20 1110010109 0.04+95.14 1.33+1.04−0.75 — 58.46
+60.06
−58.34 5.49e-12
+2.35e−11
−4.87e−12 1.54e-11
+4.84e−11
−1.33e−11 1.74
2017-12-22T00:41:36 1110010110 28.70+16.89−19.34 2.20
+0.92
−0.46 0.38
+0.14
−0.10 58.44
+58.60
−58.26 1.95e-11
+3.36e−11
−1.49e−11 3.58e-11
+5.07e−11
−2.77e−11 0.58
2017-12-30T00:19:52 1110010111 0.95+62.40 1.69+1.45−0.58 0.77
+0.87
−0.46 58.34
+59.24
−58.19 9.79e-12
+2.87e−11
−8.86e−12 1.78e-11
+3.81e−11
−1.43e−11 0.72
2018-01-18T20:51:00 1110010114 30.69+68.10 1.63+5.50−1.01 0.13
+0.67 58.76+60.19−58.73 1.50e-11
+8.30e−11
−1.28e−11 4.72e-11
+1.49e−10
−3.93e−11 0.37
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